In recent times, drillers all over the world are encountering highly fractured or matured reservoirs. Conventional drilling techniques are failing to drill efficiently and economically, causing problems of formation damage, lost circulation etc. With increasing energy demands, the industry requires to develop new techniques that can exploit these formations effectively and minimize the problems associated with conventional drilling. In-depth investigations over the years established that underbalanced drilling with foam fluid could be one of the best possible solutions for efficient production from these reservoirs. They have high viscosity and high cutting carrying capability with unusually low density. However, little is known about their rheology, stability and hydrodynamics in dynamic bottomhole conditions, rendering their use difficult in drilling operations. The present work focused on the study of various rheological and stabilization aspects of foam-based drilling fluids for different surfactant and polymer combinations. An optimized combination was predicted for surfactants and polymers which helps in the modeling of different foam hydraulics parameters of the drilling fluids.
INTRODUCTION
Special physical characteristics of aqueous foams render them excellent candidates as drilling fluids for geothermal formations and coalbed methane reservoirs, as well as those that are highly sensitive towards formation damage. Aerated drilling fluids are being used in drilling technology since the mid of 1930s, though the first engineering discussions on an aerated drilling mud was published in 1953 ( Foam, which is a cluster of gas bubbles dispersed in a liquid continuum, is comprised of water or brine and surface-active agents, i.e. surfactants. Foam fluids generally consist of 5-40 % of the liquid phase and 95-60 % of the gaseous phase. Edrisi (2012) observed that addition of various additives such as polymers, gels and other chemicals to the system can enhance its properties and stability.
According to Negrao et al. (1999) , foam-based drilling fluids are capable of mitigating various problems encountered in matured and fractured reservoirs, like formation damage and lost circulation, which is otherwise very difficult by using conventional techniques. Foam drilling fluids can also prevent differential sticking and can enhance the hydrocarbon production rates by alleviating the near wellbore formation damage. High viscosity combined with characteristically low density makes the foam as an inevitable candidate for today's complex drilling operations. Because of these exceptional properties, foam could promote good cutting transport with increased rate of penetration and decreased fluid loss Thus, knowledge of rheology is the key to control the entire drilling operations (Sanghani, 1983; Weaire, 2008), and becomes the main constraint behind its restricted utilization. According to Darley (2011), a number of rheological models have also been developed by many investigators. However, these models are very much system-specific and thus unable to describe general foam rheology accurately. The proposed investigation focuses on the rheological behaviors of foams composed of various surfactants and polymers in the presence of salts. Various parameters like viscosity, gel strength, foam stability and behavior index have been studied in detail.
MATERIALS AND METHODS

Materials
Different chemicals used for the present investigation were of high purity (> 99.5 %) and used without further treatment. Anionic surfactant SDS (sodium dodecyl sulfate) was purchased from Fisher Scientific, Mumbai, India. CTAB (Cetyltrimethyl ammonium bromide), which is a cationic surfactant, was purchased from Acros Organic, Geel Belgium. The polymer Hydroxy Ethyl Cellulose (HEC) used in the present study was acquired from Otto Kemi, Mumbai, India.
Methods
Preparation of foam fluid
Foam was prepared in 200 mL of brine solution at varying polymer and surfactant concentrations. First, 1 % (by wt) KCl was dissolved in distilled water and then the required amount of surfactants and polymers were mixed to this brine solution at predetermined weight. The mixture was then stirred for 5 minutes with the help of a mechanical stirrer at a controlled speed of 200 rpm to make it homogeneous. In the next step, the speed of the stirrer was increased to 4000 rpm and maintained at this level for some time until the desired quality of foam was obtained. According to Gumati (2011), the desired range of the foam quality generally lies within 70 % and 90 %. Figure 1 describes the steps of the foam preparation process. The temperature of the system was maintained at 30 °C for the entire study.
Determination of half-life of foam
Half-life time, which indicates the stability of foam and hence the working time (Rand, 1983; Tyrode, 2003) , was determined by observing the change in height of foam with time. Instantaneously prepared foam was poured in a 1000-mL measuring cylinder which was kept inside a water bath maintained at 30 °C. When exposed to the local atmosphere, the bubbles start to coalesce and the foam height starts decreasing. The height of the foam was examined continuously and the time at which the foam height was reduced to its half was noted as the half-life time. The thermal stability of foam was also investigated by observing the change of foam quality as a function of temperature.
Determination of gel strength and viscosity
A Fann VG viscometer (Model 35 SA) with the ability to perform assays at six different speeds, ranging from 3 rpm to 600 rpm, was used in the determination of foam viscosity and gel strength. To select the desired speed, the switch located on the right side of the base was set to the high or low speed position as desired. Then the motor was turned on and the viscometer gear shift knob located in the centre of the top of the instrument was moved to its desired position. A total of 450 mL of foam was taken each time for the entire study using this instrument.
Dial readings at 300 rpm and 600 rpm were observed during the determination of apparent viscosity, plastic viscosity, behavior index and consistency index. Gel strengths were measured first by stirring the sample thoroughly at 600 rpm for 30 s, and then by turning off the motor for 10 s. The dial readings were then noted after 10 s and 10 min while the cylinder speed was kept at 3 rpm. The gel strength was reported in lb/100 sq-ft.
RESULTS AND DISCUSSIONS
Foam stability and rheology are to the two most important properties of foam-based drilling fluids which must be maintained at the desired value within the wellbore during drilling operations. The effects of base fluids compositions, i.e. polymer concentration, surfactant concentrations, and the effect of the ionic characteristics of surfactants and temperature on the foam stability and rheology were studied in detail and reported.
Foam stability
Effects of polymer and surfactant concentrations on foam stability
Figures 2-9 describe the foaming ability and foam stability of CTAB and SDS surfactants separately with HEC polymer system. Surfactant concentrations were varied from 0.1 % to 0.4 % by wt. at different polymer dosing starting from 0.10 % to 0.40 % by wt. The height of the foam just after completion of agitation shows the foaming ability which was characterized by increased height of the foamed slurries. The plots ( wt.% CTAB + 0.3 wt.% HEC, and for that of SDS is 0.3 wt.% SDS + 0.25 wt.% HEC (Figure 10 and Figure 11 ).
Thermal stability
Variation in foam quality at optimum polymer and surfactant combinations were studied for the temperature range 30 °C -50 °C, as shown in Figure 12 and Figure 13 . The foam stability was found to decrease linearly with temperature. Degradation in foam quality is mainly due to expansion of gas within the foam at higher temperature and the change in the kinetic energy of molecules adsorbed on the surface of the bubble film (Bera et al., 2013) . The increased pressure inside the bubbles combined with the randomness of surfactant molecules in the bubble film contribute significantly in breaking down the bubble film.
Variation of apparent viscosity with surfactant concentrations at different concentrations of guar gum
Viscosity is an important parameter for cutting transport and lubrication of drilling equipment, when determining the efficiency of drilling fluids. Variations in the viscosity of foam fluids with variation in the polymer and surfactant concentrations at various temperatures were Figures 14 and 15 that, for a given concentration of surfactant, when the polymer concentration is increased the viscosity of the system increases initially, attains a maximum and then starts to decrease. For both surfactants, the viscosity is found to increase up to 0.2 wt. % in polymer concentration, beyond which a rapid decrease in the viscosity of the foam-based drilling fluid is observed. However, for CTAB, a distinct reduction in viscosity was observed when the concentration was increased to 0.4 % (see Figure  14) . A small reduction in the foam viscosity was also observed (Figure 15 
It is evident from
Winnik and Winnik, 1990).
The enhanced viscosity is attributed to the adsorption of SDS molecules on the HEC polymer chains and to the conformational changes in the molecular chains that are induced due to electrostatic forces. Sometimes when a surfactant is introduced into the system, an initial decrease in the viscosity of the system is observed before it starts to increase. The decrease is attributed to the shrinking of polymer chains due to electrostatic forces between the hydrophobic and hydrophilic tails of the surfactant molecule adsorbed on the polymer chain. At low SDS concentration, surfactant and polymer molecules are dispersed in the system. As the concentration of SDS is increased more clusters of smaller sizes are formed. At low ionic strength the spacing between micelles is attributed to the mutual Columbic repulsion and their need to stick to the polymer chain. Further increase in surfactant concentration saturates the polymer chain. This behavior is observed below the critical micelle concentration (CMC) of the surfactant. At CMC, the solution contains SDS micelles which interact like bound clusters. The interfacial tension between the films of the foam bubbles is then reduced. According to Hirasaki (1985) , Hohler (2005) and Karakashev (2007), at higher viscosities it becomes difficult to agitate the surfactant-polymer system. Also, the water transport through films is impaired, which hinders bubble coalescence. All these factors contribute to the reduction in viscosity as the polymer concentration exceeds a certain limiting value. It is observed that when the concentrations of surfactant exceed 0.3 wt. % the viscosity of the system drops rapidly with increasing polymer concentration.
The viscosity of polymer foams with cationic surfactant is found to be less than that with SDS. According to Anthony & Zana (1994), Mylonas et al. (1998) and Wang et al. (1995) , the interaction between the cationic surfactant and nonionic polymer is less dominant as compared to that with an anionic surfactant. The suppressed interaction is due to the larger head groups present on the cationic surfactant chains, which inhibits their penetration inside the micelle structure of the cationic surfactant. This reduces the formation of surfactant-polymer clusters. Therefore a reduced interaction is observed as compared to the anionic surfactant. Furthermore, overlap of the hydration cells of polymer and surfactant head groups plays a vital role in altering the properties of the surfactant-polymer system. 
Variation of the gel strength of cationic and anionic surfactants at given polymer concentrations
Gel strength is a property of drilling fluids which helps in the suspension of drill cutting in the fluids. 10 minutes gel strength of the foams with CTAB and SDS surfactant are plotted in Figures 16 and 17 respectively. Similar to viscosity variation, gel strength values are found to increase initially with surfactant and polymer concentrations, reach a maximum and then start to decrease. The gel strength is a function of intermolecular forces, which may be expressed in terms of interfacial tension and viscosity. In general, the higher the interfacial tension and viscosity, the higher the gel strength of the fluid will be.
From Figures 16 and 17 , it can be predicted that the maximum 10-minute gel strength is observed to vary between polymer concentrations of 0.10 to 0.25 wt. %. This rapid increase in gel strength is because of the maximum interaction between the bubbles of foam-based drilling fluids. As the polymer concentration increases above 0.2 wt. % there is a decrease in the gel strength of the system due to saturation of polymer in the system (Edrisi, 2012; Harris, 1996; Hutchins, 2005) . Therefore above this concentration no more polymer molecules can be dissolved in the foambased drilling fluid. Up to 0.2 wt. % the polymer increases the stability of the bubble film without affecting the interaction between the foam bubbles. Above 0.2 wt. % the polymer hinders the interaction between the bubbles, thereby affecting the gel strength of the system.
Foam rheology
The rheological properties of foam play an important role in determining the cutting carrying capability as well as wellbore hydraulics of foambased drilling fluids. According to Rabia (2001), the power-law model given by Equation 1 relates the shear tension () with the shear rate or the velocity gradient perpendicular to the plane of shear (du/dy, in s -1 ):
where K is the flow consistency index, and n is the flow behavior index.
The value of behavior index indicates the degree of non-Newtonian behavior over a given shear rate range. For 'n' = 1, the behavior of the fluid is considered to be Newtonian. As 'n' decreases the behavior of the fluid is more nonNewtonian (pseudo plastic) and the viscosity will decrease with an increase in shear rate. From  Figures 18 and 19 , it is evident that for all combinations the fluids show non-Newtonian or pseudo plastic behavior (n < 1). The degree of deviation from Newtonian behavior varies with the foam fluid compositions. According to Bonilla (2000) and Darley (2011), the decrease in the behavior index in the initial stages shows the increase in foam quality of the system at increased polymer concentrations up to a certain value. Above this concentration, the behavior of the graph is inverted, as an effect of reduction in foam quality, below which the rheological properties of base fluid becomes dominant because of phase separation. 
Where:
θ600 is the dial reading of the Fann VG viscometer at 600 rpm. θ300 is the dial reading of the Fann VG viscometer at 300 rpm.
It could be observed from Figures 20 and 21 that, for the best possible combinations of CTAB and SDS, i.e. 0.4 g CTAB + 0.3 g HEC, and 0.3 g SDS + 0.25 g HEC, the highest consistency indices are obtained. So it can also be predicted that at this concentration the foam obtained is the best in terms of solid suspension and transport ability. Therefore, the hole cleaning capacity is enhanced. Table 1 summarises the main properties of the foam fluids prepared at optimum concentrations.
CONCLUSIONS
On the basis of the experimental results that were conducted to examine the stability and rheological behavior of the foam, the following results can be inferred. The prepared foam fluids showed good stability and foam quality at optimum concentrations. Anionic surfactant SDS shows better foam quality and stability compared to that of cationic surfactant CTAB. In actual field applications, anionic surfactants are also preferred over cationic ones because of their environmentally friendly nature. Variation in stability with temperature helps in determining the operating temperature window for foam-based drilling fluids. Also its variation in stability with time helps in predicting the operational duration of foam, i.e. the amount of time for which foam maintains its minimum operating qualities. For every surfactant and polymer combination there is an optimum concentration which is needed to be determined. It helps in the proper design of the hydraulics of drilling fluids. For the present study, the foam prepared at optimized condition showed a half-life more that 1000 minutes with apparent viscosity as low as 25 cP and 10-minute gel 
